[1] Basement-cored uplift provinces are often characterized by high-angle reverse faulting along preexisting crustal heterogeneities, which may greatly affect the mechanics of deformation and the coupling between erosion and orogenic structure. Herein we construct a coupled deformation-erosion model to understand the mechanics and erosion of mountain belts in which the spatial distribution of deformation is largely influenced by the presence of preexisting high-angle faults. In this case, deformation is accommodated along, and topography is built above, these structures. This topographic loading leads to increasing lithostatic stresses beneath these regions. As a result, active deformation may migrate to frictionally stronger structures in adjacent regions where lithostatic loading is lower. The migration of deformation to such nearby structures depends on the Hubbert-Rubey pore fluid pressure ratio of the crust (l), the orientations of the frictionally weaker and stronger preexisting faults (b 1 and b 2 , respectively), the friction coefficients (m b1 and m b2 ) and Hubbert-Rubey fluid-pressure ratios (l b1 and l b2 ) of these faults, and the surface slope of the topography above the frictionally weaker structure (a), assuming zero surface slope above the frictionally stronger structure. In general, we found that for a given a and b 1 , as m b1 increases l = l b1 = l b2 increases, and b 2 decreases, the value of m b2 required to force deformation to migrate increases. However, as erosional processes lead to decreasing surface slopes, deformation will be inhibited from migrating to frictionally stronger structures in adjacent regions. Our model results may help to explain some aspects of the deformation observed and the possible correlation between precipitation and the migration of deformation within these tectonic provinces.
Introduction
[2] Perhaps one of the most important discoveries in tectonic geomorphology in recent years is the realization that orogen-scale tectonic processes may be strongly coupled to erosion [e.g., Davis et al., 1983; Dahlen, 1984, Dahlen and Suppe, 1988; Dahlen and Barr, 1989; Willett et al., 1993; Beaumont et al., 1992; Willett, 1999; Beaumont et al., 2001; Whipple and Meade, 2004; Koons et al., 2002; Ernst, 2004] . Davis et al. [1983] and Dahlen [1984] used laboratory experiments, field observations, and analytical models of stresses in deforming fold-and-thrust belts to demonstrate that changes in the distribution of lithostatic stresses within actively deforming accretionary prisms and fold-and-thrust belts caused by erosionally induced changes in surface topography can greatly affect the geometry of deformation within orogens. This model was subsequently generalized to analyze the temporal development of more complex orogens [Willett et al., 1993] using numerical simulation. Recently, a series of numerical modeling studies have highlighted the importance of erosional processes [Beaumont et al., 1992] , orographic precipitation [Willett, 1999] , and midcrustal channel flow inferred to be brought to the surface by erosion [Beaumont et al., 2001 Jamieson et al., 2004] on orogenic geometry and development.
[3] While all of these models have been successful at understanding deformation in mechanically isotropic materials, their application to basement-cored uplift provinces may be problematic. In these settings, deformation may be strongly controlled by the presence of preexisting, high-angle structures that focus upper crustal deformation [e.g., Burtman, 1975; Gries, 1983; Jordan and Allmendinger, 1986; Tapponnier et al., 1990; Bilham and England, 2001] . These high-angle structures may be mechanically unfavored for motion [e.g., Sibson, 1985] ; however, high transient fluid pressures may periodically allow such structures to accommodate shortening [e.g., Sibson et al., 1988] . Because these effectively weak crustal structures may allow sustained, focused deformation, the tectonic and topographic development of basement uplift provinces may largely reflect the distribution of such heterogeneities, rather than simple relationships between tectonic and lithostatic loading expected in an idealized homogeneous orogen devoid of preexisting structures [e.g., Willett et al., 1993] . For example, current deformation within the broken foreland of the Andes in the Sierras Pampeanas of central Argentina between 27°and 33°S latitude ( Figure 1 ) corresponds closely to the location of old crustal zones of weakness (sutures, and Paleozoic and late Cretaceous rift structures) [e.g., Mon and Salfity, 1995; Schmidt et al., 1995; Ramos et al., 2002] , and high-angle structures build topographically distinct basement-cored mountain ranges that are separated by intervening basins.
In such areas, the presence of weak, preexisting structures apparently causes the distribution of deformation to be different from that predicted by the critical Coulomb wedge mechanics, or by numerical models that consider a homogeneous crust free of preexisting structures (for exceptions of coupled numerical modeling that includes geologic heterogeneity, [see Pfiffner et al., 2000; Beaumont et al., 2001; Buiter and Pfiffner, 2003] ). While these types of tectonic provinces constitute a large number of past and actively deforming mountain belts, their mechanics have seldom been studied by an approach similar to that of, e.g., Davis et al. [1983] or Willett et al. [1993] , and the response of deformation to erosional mass redistribution has not been assessed. Therefore a theory that addresses the mechanics of basement-cored uplift provinces, and how deformation responds to erosional mass redistribution in such environments represents a first-order, largely unexplored problem.
[4] In this paper, we modify the Coulomb wedge [e.g., Dahlen, 1984] model to study mountain building in areas where reactivation of slip along preexisting geologic structures may be an important process. Specifically, we first study the mechanics of these tectonic provinces by analyzing two preexisting structures, one stronger than the other, to determine the topographic loading conditions that promote failure of a frictionally stronger structure in a nearby region of zero surface slope. The weak, preexisting structures in our model represent both reactivated high-angle reverse faults as well as frictionally weak zones in the crust such as old sutures. This mechanical model is coupled to the bedrock power law incision model [Whipple and Meade, 2004; to evaluate how deformation within these types of orogens responds to erosional mass redistribution. These results are then used to interpret the style and nature of deformation, and its relationship to precipitation in areas where reactivation of structural weaknesses may exert an important control on mountain range development.
General Model Formulation and Limitations of Model
[5] In contrast to fold-and-thrust belts in which lithostatic loading favors systematic relationships between topographic slope and low-angle decollément angle [e.g., Davis et al., 1983; Dahlen, 1984] , mountain ranges built by reactivation of preexisting, high-angle structures may not be accompanied by substantial internal deformation within the range. This situation arises when tractions acting along the reactivated structure are sufficient to induce failure, while those acting elsewhere within the mountain range are insufficient to promote internal deformation (a condition dubbed ''supercritical deformation'' by Dahlen [1984] ). Because these conditions result in a mechanically stable condition in which sliding accommodates horizontal shortening, in the absence of any additional preexisting structures, we expect deformation to be exclusively taken up along this preexisting fault. If other preexisting structures are present, the construction of topography above the growing mountain range may change the loading conditions along its base, potentially favoring failure of a different preexisting structure with less topographic loading. In a hypothetical landscape with initially flat topography in which deformation commences along the frictionally weakest structure, movement along this structure changes the lithostatic loading along the fault plane. If topographic loading is large, deformation may be forced to migrate to a frictionally stronger structure with a lesser topographic load above it. Therefore, in these tectonic environments, we expect deformation and topography to develop in a manner fundamentally different from that observed in fold-and-thrust belts, where the internal portions and base of the fold-and-thrust belt may deform at their Coulomb failure limit [e.g., Davis et al., 1983; Dahlen, 1984] , leading to a constant critical taper angle [e.g., DeCelles and Mitra, 1995] .
[6] Erosion moderates surface slopes by redistributing material from high topography to the adjacent lowlands. Thus, when the deformation within and geometry of an orogen depends on these slopes, they may exert an important control on orogenic structure [e.g., Davis et al., 1983; Dahlen, 1984] . In fold-and-thrust belts, orogenic width [Dahlen and Suppe, 1988; Dahlen and Barr, 1989; Whipple and Meade, 2004] and in some cases, surface slope and fault decollément angle [Horton, 1999; may change systematically with erosional factors such as effective precipitation, sediment caliber, and resistance of bedrock to fluvial incision. However, when orogens grow due to the presence of preexisting structures, surface slopes may steepen without triggering a change in the orogenic width or fault angle. As surface slopes steepen, erosional efficiency may increase [e.g., Ahnert, 1970; Whipple and Tucker, 1999] and hence the proportion of rock removed from an orogen by erosion increases relative to that introduced by tectonic deformation. In the case that the rates of denudation and rock uplift are equal [Willett and Brandon, 2001] , surface slopes remain constant with time [e.g., . If these equilibrium slopes are lower than those that may force deformation to move to stronger structures with a lesser topographic load, erosional removal of rock from an orogen may allow deformation to remain concentrated along a single set of weak structures, despite the presence of other, similarly weak structures in the crust. Therefore, while erosion in these tectonic environments may not be directly coupled to deformation as in fold-andthrust belts, it ultimately moderates the slopes that may force deformation to migrate to other structures in the orogen. As a result, the efficiency of erosion in relation to the tectonic uplift rate controls the threshold that determines whether deformation may remain focused on a set of active mountain fronts or migrate to other structures.
[7] Because erosion does not directly impact the mechanics of deforming orogens in which slip along weak, preexisting, high-angle structures is important, we may isolate the mechanical conditions required to induce the migration of deformation to other structures and those controlling the erosion of a mountain range. First, the mechanical portion of our model idealizes mountain range growth in the presence of weak, preexisting structures by considering the deforming upper crust as a cohesionless, frictional material that fails according to the Coulomb failure criterion [e.g., Jaeger and Cook, 1969] and whose internal portions contain preexisting structures that are frictionally weaker than the surrounding crust (Figure 2 ). In reality, the geometry of preexisting structures and topography may be complex and vary in three dimensions; however, we use a two-dimensional model formulation to elucidate the firstorder relationships between the presence of preexisting structures and the development of topography without introducing a plethora of model parameters that may confound interpretation of our model results. We assume that faults are planar and extend for much larger distances along strike than the modeled width of the orogen in cross section. In this case, the properties of the crust are encapsulated by the Hubbert-Rubey pore fluid pressure ratio of the rocks in the vicinity of the structures (l) [Hubbert and Rubey, 1959] , while each of the preexisting structures' mechanical properties is defined by the coefficient of friction of each of the structures (m b ) and their Hubbert-Rubey fluid pressure ratios (l b ). In the case of initially flat topography (Figure 2) , deformation is at first accommodated along the frictionally weakest structure (''structure 1'' in Figure 2 ) and topography is built as the result of the uplift produced by slip along the preexisting structure. As topography is built, topographic loading of structure 1 will increase, and this may eventually favor movement along a frictionally stronger structure in adjacent regions with less topographic loading (''structure 2'' in Figure 2 ). By considering lithostatic stresses along the fault plane resulting from the topography, we estimate the conditions necessary to force deformation to migrate to the stronger structure (see Appendix A for details of derivation) as
Figure 2. Schematic model depiction for growth of mountain ranges in which deformation is strongly influenced by preexisting structures. Here deformation is initially taken up along the weakest structure in the crust (m b1 ), and topography is constructed above this reactivated, high-angle fault. The mean topographic slope is denoted by a, while the dip of the preexisting structure is labeled b 1 , while the convergence velocity between the mountain range's drainage divide and the stable foreland is defined as v. In addition, the vertical extent of the active faulting is denoted by T. As topography is built above the structure, deformation may be favored along a frictionally stronger structure with no overlying topography (m b2 ). However, as topography is built, erosional removal of material may restrict surface slopes, and so where erosion is efficient, surface slopes may be insufficient to promote migration of deformation to other potions of the orogen. Parameters that determine the strength of erosional processes (discussed in text) are K, k a , h, m, and n. Structures 1 and 2 in the text are labeled as circled 1 and 2, respectively. where
Subject to the condition that
Here a is the surface slope, b is the dip of the preexisting structure, and subscripts 1 and 2 indicate structures with lower and higher friction, respectively. By prescribing the material properties of the crust, and the geometric and frictional parameters of the two structures, equations (1) -(3) implicitly define the mean topographic slope of the mountain range that favors failure of the frictionally stronger structure with less topography above it.
[8] The second portion of our model describes the interaction between erosion and tectonic deformation in mountain belts whose deformation is strongly influenced by preexisting structures. In this work, we assume that the rates of denudation and rock uplift are equal, and hence that a flux steady state has been achieved [e.g., Willett and Brandon, 2002] . While the temporal development of topography constitutes an important problem that warrants study, we have chosen to concentrate on determining the tectonic and erosional conditions that define the threshold between deformation remaining fixed in a single mountain range versus those that ultimately require deformation to migrate to other structures in the orogen. We assume that the rate at which rivers incise bedrock is the limiting factor that moderates the erosional mass flux leaving the orogen [e.g., Whipple and Tucker, 1999; . We further assume that the rate of channel bed lowering for this process scales as a power function that depends on (1) an empirical erosion constant (K) that describes the resistance of bedrock to fluvial incision, the clast size and caliber in the channel, effective precipitation, and downstream changes in channel geometry Tucker, 1999, 2002] , (2) the catchment area (A, Appendix B), and (3) the local channel slope (S, Appendix B) [e.g., Howard and Kerby, 1983] . In addition, deformation within the mountain range extends to a prescribed depth (T) and convergence rates between the drainage divide and foreland (v) are constant. In our model, the mountain front is not allowed to progress beyond the intersection of the bounding fault planes with the surface, and so rock that enters the mountain range must either be eroded or contribute to steepening of the average slopes within the range. Given these simplifications, the ultimate geometry of the mountain belt can be expressed in the following way if tectonic deformation and erosion are sustained for long periods of time (Appendix B): 
Here m and n are power law exponents that may be related to the processes that erode the channel bed , and h and k a are scaling factors that relate catchment area to channel length [Hack, 1960] . Importantly, the strongest control on K documented by Stock and Montgomery [1999] is the resistance of bedrock to incision, with K decreasing from $7 Â 10 À3 to $2 Â 10 À6 m 0.2 /yr when rivers incise through mudstones/volcaniclastics and granitoid/metasedimentary rocks, respectively, when m = 0.4 and n = 1. Using equations (4) and (5), we can estimate the surface slope (a) that results from a range of kinematic (v), geometric (T, h, k a , b), and erosional (K, m, n) conditions that may characterize a given mountain belt.
[9] Using equations (1) -(5), we can determine if deformation will remain in a fixed location over time or will ultimately migrate to a new structure. First, for a given set of mechanical conditions appropriate for the weakest preexisting structure and those structures in the surrounding crust, we compute the surface slope that will cause deformation to be favored along stronger faults without tectonically induced topographic loading. Next, using the kinematic, geometric, and erosional parameters appropriate for the mountain range being constructed above the weakest fault in the area, we compute the surface slope that will ultimately lead to a flux steady state balance between erosion and tectonic deformation. If the latter slope exceeds the former, then deformation will ultimately be forced to migrate. Alternatively, if erosional processes limit surface slopes to be less than those required to force deformation to migrate, deformation is prevented from shifting to stronger structures in the surrounding crust.
[10] There are several important simplifications of our model that must be acknowledged. First, the use of the bedrock power law incision model as our range-scale erosion process may greatly simplify the relationships between incision, storm frequency and magnitude, sediment supply, and the mechanics of sediment transport; these concerns and their implications are discussed in more detail by . Second, we chose to simplify the process of range uplift by assuming that uplift is primarily accommodated along a single preexisting structure. Many basement uplifts are bounded on both sides by reverse faults; however, we chose not to include these doubly-vergent structures in our analysis in order to evaluate the importance of the primary factors that may control range growth without introducing additional model parameters. Third, in many cases, the horizontal translation of rock at the surface, in the case of fold-and-thrust belts, may be accommodated by the translation of the hanging wall material in a direction subparallel to the surface. In the case of high-angle reversefault bounded ranges, deformation may migrate outward to accommodate this horizontal translation. Again, for simplicity, we chose not to model the dynamic development of these structures in order to provide a simple, yet elucidating treatment of the primary factors that may control the migration of deformation in these environments. In addition, we do not consider the effects of downwind topography on the distribution of precipitation within the mountain range. Fifth, as topography is built, isostacy may lower surface elevations and reduce slopes. These types of effects are not included in our model formulation for simplicity. Finally, the along-strike length of ranges in basement-cored uplift provinces is typically much less than in fold-andthrust belts, and so the geometries of these provinces are inherently three dimensional [e.g., Jordan and Allmendinger, 1986] . However, the along-strike length of the ranges is usually between 3 and 4 times the range width [Jordan and Allmendinger, 1986] , and so while important three-dimensional effects will be likely to impact upon the mechanics of deformation, this fairly large aspect ratio of width to length will probably not largely impact our model, which is based on a plane strain approximation. While all of these factors provide interesting avenues for future research, we opted to develop the simplest possible model to highlight the first-order factors that may influence the migration of deformation without introducing a multitude of free parameters that might confound the interpretation of these factors.
Model Results

Mechanical Model
[11] Figures 3 -5 show how deformation migrates to stronger faults in the crust as surface topography is built above a frictionally weak fault. In Figures 3 -5, we fix l 1 = l b1 = l 2 = l b2 , m b1 , and b 2 , and we contour the value of m b2 as a function of a and b 1 that is required to induce failure along a frictionally stronger fault with less topographic loading relative to a frictionally weaker structure (b 1 and b 2 represent the dip of the frictionally weaker and stronger structures, respectively; see section 2). The gray regions in Figure 3 show a and b 1 pairs that violate the conditions of reverse-sense failure as encapsulated in equation (3). Therefore, in these gray regions, failure along structure 1 must be accommodated by normal motion. For example, consider Figure 3a , in which we fix m b1 = 0.3. The point labeled ''A'' represents a situation with flat topography over a fault with a dip of 60°. Motion is accommodated by this structure, topography begins to be built, and a increases. In this example, the next frictionally weakest fault in the surrounding crust possesses a friction of m b2 = 0.4. As a increases, motion along this structure becomes progressively less favored as topography is built, and as surface slopes reach $7°(point labeled ''B'' in Figure 3b ), failure along the second structure with m b2 = 0.4 commences at the expense of the weaker structure. Therefore we can use these diagrams to determine the value of a required for deformation to migrate for a given b 1 , and evaluate how these slopes change with changing m b1 (Figure 3 ), l 1 = l b1 = l 2 = l b2 (Figure 4 ), and b 2 ( Figure 5 ).
[12] Our general modeling strategy is to systematically vary each of the variables in equations (1) - (3) to determine the effect of each on the conditions that favor migration of deformation from weak structures with significant tectonically created surface slopes to frictionally stronger structures with initially flat topography. Inspection of these results reveals that there are several features common to all models. First, in each of the models, when b 1 is small (<10°for most parameter combinations explored), slopes greater than 30°are required to force deformation to migrate from structure 1 to structure 2. Because this value of a represents the approximate angle of repose for cohesionless material and is unlikely to be attained as the average slope across the width of a mountain belt, we infer that topographic loading of preexisting low-angle structures is unlikely to force deformation to migrate. Hence we have labeled these areas of Figures 3 -5 as ''no migration.'' Second, for large values of a and b, failure induced by normal motion along the fault is required as increasing s xx serves to resolve a greater normal traction than shear, preventing frictional failure from occurring in a reverse sense. The specific a-b 1 pairs that require normal-sense motion at failure are determined by the effective fault friction (m 0 b1 ) and the effective stress in the crust, which is moderated by pore pressures there (l 1 ).
Effect of Changing M b1
[13] Increasing m b1 generally decreases the range of a and b 1 over which reverse-sense frictional failure may occur ( Figure 3 ). Also, for fixed values of a and b 1 , as m b1 increases, the value of m b2 required to cause deformation to migrate to a stronger structure beneath initially flat topography also increases as the frictional strength of structure 2 must always be greater than m b1 . Finally, the range in b 1 over which a realistic range of a is unlikely to induce movement along structure 2 (e.g., area to the left of the m b2 = 0.9 contour in Figure 3c ) decreases with increasing m b1 . Therefore, if initial failure occurs along preexisting structures that have small to moderate dips (0°-20°) and are frictionally weak (Figure 3a) , movement on these structures will continue under a wide range of a (0°-30°). If initial failure occurs on structures of this orientation that are frictionally stronger (e.g., m b1 = 0.9), movement will continue for a much narrower range of surface slopes (0°-10°; Figure 3c ).
[14] Three major effects result from changes in l 1 = l b1 = l 2 = l b2 (Figure 4 ). First, as l = l b increases, the a-b 1 range over which contractional deformation can promote failure along both preexisting structures may occur expands in the region where b 1 is large. This results from a decrease in effective friction along structure 1 and the principle stresses in the crust, which allows reverse-sense failure on otherwise not suitably oriented structures. Second, for values of b 1 < 30°, the value of m b2 required for deformation to migrate is insensitive to the value of l 1 = l b1 = l 2 = l b2 [e.g., . Finally, as l 1 = l b1 = l 2 = l b2 increases when a > 5°and b > $30°, the value of m b2 required to force deformation to migrate increases for fixed a and b 1 . Therefore, as l 1 = l b1 = l 2 = l b2 increases, the maximum surface slope permitted for fixed b 1 and m b1 increases; conversely the value of m b2 must decrease to allow deformation to migrate for fixed a and b 1 . (Figure 5a ), the value of m b2 required to force deformation to migrate decreases when b 1 > 30°and a $ > 1°. In contrast, when b 1 < 30°, m b2 increases rapidly with b 2 , failure is favored, and larger reverse-sense shear tractions are resolved onto the higher-angle structures. When a < 10°, the range of b 1 that allows deformation to migrate to Figure 3 . Effect of varying m b1 on the conditions that may lead to the migration of deformation in these tectonic provinces. Contour lines in denote values of m b2 that lead to migration of deformation as a function of a and b 1 = b 2 . Labels A and B show the expected path along which topography will grow in the case where a preexisting fault is reactivated. For example, a preexisting structure with no initial topography (label A) may begin to accommodate deformation, leading to a commensurate steepening of slopes (label B) without a change in fault geometry. Region labeled ''no migration'' denotes those combinations of a and b 1 = b 2 that require lower fault friction on structure 2 to migrate to that structure. stronger structures for a wide range of a is restricted to values of b 1 < 30°. In contrast, when b 1 = b 2 (Figure 6b ), there is a smooth increase in m b2 as a and b 1 increase.
[16] When b 2 < b 1 , reverse-sense failure along both faults is possible over a much narrower range of b 1 (Figure 5c ). This arises from the fact that when b 2 is negative as is the case when b 1 < 20°in Figure 5c , the state of stress in the crust that is required to induce reverse-sense failure along structure 1 requires normal-sense failure along structure 2. In addition, when b 1 > 40°, deformation may migrate with small increases in a. The value of m b2 required to promote migration of deformation increases rapidly with a and b 1 (Figure 6c ), relative to the case when b 1 = b 2 (Figure 5b) and b 2 > b 1 (Figure 5a ). This rate of increase in m b2 with a may change with different sets of mechanical properties. However, given that failure is promoted along stronger structures when b 1 > 40°, and that large values of a are required to force deformation to migrate when b 1 < 30°, it appears that deformation is more likely to migrate to moderate to steeply dipping preexisting faults than to migrate to shallowly dipping structures if different fault orientations are available to accommodate deformation.
Erosional Model
[17] We used equations (4) and (5) to explore the impact of differing tectonic and erosional conditions on the devel- opment of topography in which deformation is accommodated along preexisting structures (Figures 6 -8 ). In each of these plots, we contour the base 10 logarithm of v/K (the ratio of tectonic convergence velocity to the erosional constant in the mountain belt) required to maintain a flux steady state between tectonic and erosional fluxes for a range of a and b 1 . For example, if a mountain range that is underlain by a 50°dipping fault, with geometric properties of T = 20 km, k a = 5, and h = 1.6, and erosional exponents of m = 1/3, n = 2/3, when v/K = 10, the surface slope that is required to achieve a flux steady state is $6°(point ''B'' in Figure 6a ). When v/K is greater than and less than this value, more and less material, respectively, will be entering the mountain belt by tectonic convergence than is removed by erosion. In these types of mountain ranges, the fault dip will remain constant as topography is built, and so their topographic development will plot along a vertical line that intersects the x axis at the value of the preexisting fault dip (vertical line in Figure 6a ). In the case of initially flat topography, the topography will initially plot at a = 0 (point ''A'' in Figure 6a ) and will increase as slopes steepen within the mountain range. However, as the mountain range geometry intersects the vertical line and the v/K contour that characterizes the tectonic and erosional conditions in the mountain belt, erosional removal of material balances tectonic influx, and so slopes will no longer steepen. Therefore we expect that if mountain ranges form in regions of initially flat topography, surface slopes will approach, and ultimately will not exceed this intersection (point ''B'' in Figure 6a in this specific example).
[18] As with our mechanical models, our general strategy is to vary each of the parameters in equations (4) and (5) to determine the effect of each on the geometry of the deforming mountain belts. We use values of m = 1/3, 0.4, and 5/4, and n = 2/3, 1, and 5/2, covering a range of reasonable assumptions as argued by Stock and Montgomery [1999] and . There are several characteristics that are common to all of the model simulations that we explored. First, for a fixed value of b 1 , as v/K increases, the larger influx of rock into the mountain range Figure 6 . Effect of changing h on the value of v/K (base 10 logarithm of this value is contoured as a function of a and b 1 ) that is required to attain a flux steady state balance between tectonic addition of material into a mountain range and erosion of material from the range. Different values of the changing parameters are shown as different line styles (i.e., dotted, dashed, dash-dotted). Labels A and B show the expected topographic development when a fault is reactivated with no initial overlying topography. For example, the initially flat topography above the fault (label A) will grow with time until it approaches its steady state form, in this case, corresponding to v/K = 1 (label B).
by tectonic deformation causes a to increase. Second, for fixed a and b 1 the value of v/K that is required to achieve a balance between deformation and erosion must increase as m and n increase. For example, when b 1 = 60°and a = 6°, increasing m and n from m = 1/3, n = 2/3 to m = 5/4, n = 5/2 requires v/K to increase from 10 to 10,000 (Figures 6a and 6c) . Finally, for low values of b 1 , values of a are far more sensitive to changes in v/K relative to large values of b 1 .
[19] We found that, for fixed a and b 1 , increases in h require increases in v/K to maintain a balance between tectonic addition of material to the mountain belt and erosional removal (Figure 6a ). In general, small increases in h may result in large changes in the value of v/K. As h increases, basins become more rectangular in geometry, and so catchment area (and presumably discharge) increases more rapidly downstream than when basins are long and narrow. Because the average channel slope is fixed by the value of a in Figure 6 , these increases in h cause increases in the catchment area downstream, making erosion more effective than when h is low. This more efficient erosion necessitates the increase in v/K observed in Figure 6 . [20] Increases in k a lead to similar responses of v/K (Figure 7 ). As k a increases, the v/K ratio required to maintain the flux steady state in the mountain range also increases. However, the v/K ratio is much less sensitive to changes in k a than to changes in h. Finally, as T increases, v/K must increase to maintain a flux balance between deformation and erosion ( Figure 8) . We explored values of T = 10, 20, and 30 km, and within this range, the change in v/K that was necessitated by changes in T was subdued relative to changing h (Figure 6 ). In summary, steeper surface slopes are ultimately favored in mountain ranges for large values of v/K, and small values of h, k a , and T.
Coupled Mechanical and Erosional Model
[21] The results of our mechanical and erosional analyses may be combined to understand the topographic and mechanical development of mountain ranges whose deformation is strongly influenced by preexisting structures, as illustrated in Figure 9 . In this example, contraction is initially taken up along a 40°dipping fault for which m b1 = 0.3. The next frictionally weakest structure in the surrounding crust has the same orientation but has a friction coefficient of m b2 = 0.4, shown as the heavy contour line in Figure 9 . In addition, there is zero surface slope prior to the commencement of deformation, and so the initial geometry Figure 8 . Effect of changing T on the value of v/K (base 10 logarithm of this value is contoured as a function of a and b) that is required to attain a flux steady state balance between tectonic addition of material into a mountain range and erosion of material from the range.
of the mountain range plots in the location marked ''A'' in Figure 9 . First, we consider conditions in which the value of the relative convergence velocity is ten times that of the erosional constant K, and so v/K = 10. As rock is advected into the mountain range, the volume of the range increases and slopes steepen. As surface slopes increase, point ''A'' moves vertically along the line shown in Figure 9 , and the flux of material removed by erosion also increases until it balances the tectonic influx of rock into the mountain range (point ''B'' in Figure 9 ). At this point, erosion prohibits additional increases in surface slopes. Because the surface slopes required to force a migration of deformation to the next frictionally weakest structure (heavy contour) are larger, erosion allows deformation to be taken up indefinitely along the first structure. In addition, should erosional efficiency increase, the v/K ratio will decrease, forcing the point in Figure 9 to migrate toward the x axis as slopes and relief in the orogen are reduced.
[22] However, if the erosional efficiency is decreased by either changes in precipitation rates in the area or the progressive exposure of deeper rocks that are more resistant to fluvial incision, or convergence rates increase due to changing tectonic rates, the v/K ratio may become larger. For example, if v/K = 100 (dashed contour in Figure 9 ), slopes will continue to steepen to compensate for the decrease in erosional efficiency. For tectonic and erosional processes to be in balance in this scenario, the geometry of the mountain range must move vertically from point ''B'' to point ''C'' in Figure 9 . However, because the surface slopes required to balance tectonic advection of rock into the mountain range with erosional removal from it (point ''C'' in Figure 9 ) are steeper than those that force deformation to migrate to the frictionally stronger structure (point ''D'' in Figure 9 ), instead of achieving a flux steady state in the range, deformation will be forced to migrate to the stronger structure with less topographic loading. Therefore we can combine the mechanical models represented in Figures 3 -5 with the erosional models in Figures 6 -8 to determine if an erosional equilibrium may be attained in these deforming mountain belts or if deformation may migrate instead for a range of values of m b2 , b 1 , b 2 , l, l b , and v/K, h, k a , and m and n. Surface slopes at equilibrium increase with increasing v/K, which makes it increasingly likely that deformation will migrate to other surrounding structures in the crust, rather than achieving equilibrium between tectonic convergence and erosional mass redistribution.
Discussion
Comparison of Model Predictions With Observations in the Sierras Pampeanas, Central Argentina
[23] Our model greatly simplifies processes that may control deformation along high-angle reverse faults in the Earth's crust; nevertheless, thirteen free parameters are required to determine conditions that may eventually lead to the migration of deformation. Several of these parameters (e.g., m b1 , m b2 , l, l b , K, m, and n) may be difficult to estimate based on field observations without expensive and exhaustive field measurements, and therefore a quantitative test of this model is currently impossible. However, we can compare several of the predictions of our forward models with specific field observations to help interpret the development of basement-cored deformation provinces. While these qualitative comparisons may not provide unique explanations for the behavior observed, identification of Figure 9 . Combination of mechanical and erosional models to determine if deformation will migrate in a hypothetical mountain range. Vertical line at b 1 = 40°represents the trajectory along which topography will develop in this mountain belt in which deformation is accommodated by reactivation of a preexisting structure. At the commencement of motion along the structure, there may be zero surface slope (label A). However, increased motion along the fault steepens surface slopes until a balance between erosion and rock uplift is achieved (label B). If the erosional conditions are changed (e.g., a decrease in effective precipitation or increased resistance of bedrock to fluvial incision), slopes may steepen as they attempt to compensate for the changing erosional conditions. The point at which erosion and rock uplift are balanced in this new scenario is denoted by C. However, if slopes steepen sufficiently, deformation may migrate to a frictionally stronger structure in an adjacent region with initially flat topography before reaching this equilibrium condition (label D). The 1 represents the case in which the fault orientation systematically rotates to a shallower geometry as deformation proceeds, while the 2 shows steepening of the fault orientation with deformation. the general model features in such tectonic environments may lend support to our approach.
[24] First, our general results predict that when erosional processes are inefficient, surface slopes may become steep and force deformation to move to other preexisting faults in the crust. This phenomenon may be observed within the northern Sierras Pampeanas in Argentina where crystalline basement blocks have reached elevations between 4 and 5 km due to uplift along high-angle reverse faults (Figures 10 and 11) [e.g., Jordan and Allmendinger, 1986; Mon and Salfity, 1995; Strecker et al., 1989] . Stratigraphic and thermochronologic data [Sobel and Strecker, 2003] show that exhumation and precipitation rates are positively correlated here, whereas surface uplift rates are negatively correlated with precipitation rates. Sobel and Strecker [2003] compared two adjacent mountain ranges, the Sierra de Aconquija and Cumbres Calchaquies (Figures 10 and 11 ) in the northernmost part of this basement province north of about 27°S latitude. The former currently receives $1 -1.5 m/yr of precipitation, while the latter experiences 0.5 -0.8 m of annual precipitation [World Meteorological Organisation (WMO), 1975; Bianchi and Yañez, 1992] . The extent of glacial deposits in these two ranges indicates that these differences in precipitation rates have persisted at least since the Pleistocene [Haselton et al., 2003] . Sierra de Aconquija (Figure 11, top) is deeply exhumed, has a jagged topography, and is $55 km in width, with deformation focused along two bivergent reverse faults delimiting a single range [Strecker et al., 1989; Bossi et al., 2001; Cristallini et al., 2004] . Apatite fission track thermochronology reported by Sobel and Strecker [2003] indicates that the projected location of the contact between Tertiary sedimentary rocks and crystalline basement in the area lies far above the current crest of the range (Figure 11 , bottom), suggesting that a large thickness of Tertiary sediments and basement material has been exhumed from the range. In addition, faults to the east and west of the Sierra de Aconquija do not show significant displacement of Cenozoic units, suggesting that contraction in the area is accommodated along a relatively limited number of structures that have sustained large amounts of displacement near the margins of the range. In contrast, Cumbres Calchaquies (Figure 11 , bottom) preserves a Cretaceous erosion surface, the zone where significant contraction is accommodated is $140 km wide, and is buttressed by several fault-bounded mountain blocks at lower elevation toward the east [González, 2000] . Apatite fission track thermochonology indicates that the depth of exhumation within all of the range is far less than within the Sierra de Aconquija [Sobel and Strecker, 2003 ]. Therefore it is plausible that the reduced erosional efficiency within Cumbres Calchaquies relative to the Sierra de Aconquija resulting from lower precipitation rates, may have caused the locus of deformation to shift from one set of preexisting high-angle reverse faults to another. In this respect, it is interesting that increasing aridity that may be related to such a shift in the locus of deformation and uplift may also apply to the uplift history of the asymmetric Sierra Quilmes to the west, which postdates uplift of Cumbres Calchaquies and the Sierra de Aconquija [Kleinert and Strecker, 2001] .
[25] Second, our model predicts that in areas of low erosional efficiency, a balance between erosion and tectonic deformation is unlikely to be achieved, and thus deformation may migrate between many adjacent structures, building discrete ranges separated by depositional basins. On the scale of the entire Sierras Pampeanas tectonic province (Figure 1 ), areas of distributed deformation correlate with areas of low precipitation rates. In addition, the area in which the deformation zone is broadest corresponds to a dramatic shallowing of the subducting Nazca plate between 27°and 33°S latitude [Isacks, 1986; Jordan and Allmendinger, 1986] . Differences in slab geometry and crustal composition between this area and areas to the north, where the belt of deformation is far narrower, certainly exert a first-order control on the distribution of deformation in the crust. However, in the northern Sierras Pampeanas, where the Nazca slab geometry is transitional between a steeper segment to the north and a shallower segment to the south, a concentration of deformation and high topography along the southern border of the intra-Andean Puna plateau corresponds to areas of increased annual precipitation. Therefore changes in erosional efficiency may conspire with the changing plate tectonic conditions in this area to produce the topography and deformation observed.
Implications for Mountain Growth in Basement-Cored Tectonic Provinces
[26] Recent numerical modeling of basin inversion [Buiter and Pfiffner, 2003 ] provides an interesting comparison to our results. In these models, an initial distribution of faults is simulated by assigning a small linear viscosity to these areas relative to the surrounding crust. Similar to our results, Buiter and Pfiffner [2003] find that deformation localizes along these structures. However, they note the presence of back thrusts in their models that tend to develop in areas where fault geometry changes with depth, but tend not to be associated with the straight portions of their modeled faults. These types of complex geometries are not within the scope of our simple analytical model and thus our approach cannot capture the formation of secondary structures related to these changes in fault geometry. In addition, our models do not capture the upward propagation of the inverted faults through younger basin material that is seen in the numerical models. Interestingly, Buiter and Pfiffner [2003] found that when simple erosion scenarios were applied to their models, the difference in the deformation field between models with and without erosion was negligible. In these models, all of the faults are assigned the same low viscosity, and thus this situation is equivalent to the case in which the friction along all of the preexisting structures in our model is uniform. In this case, our model predicts that deformation would be simultaneously taken up along all of the different faults at once as topography is incrementally built above each. Because of the lack of a frictional contrast between the structures, deformation would be taken up uniformly between all of the faults, as would be the case if topography did not develop. Therefore we suspect that the insensitivity of the deformation field to erosion in the numerical models arises from the fact that there are no contrasts between the fault properties of each of the preexisting faults in these models. Our results indicate that if such contrasts exist, deformation may be strongly influenced by erosional conditions.
[27] Analysis of crosscutting relationships of mesothermal gold deposits in high-angle reverse faulting environments suggest that high fluid pressures may play a primary role in inducing failure along these maloriented structures [Sibson et al., 1988] . Specifically, slip along these structures is accommodated by a transition from hydrostatic to supralithostatic pore fluid pressures, both of which oppose normal tractions and facilitate movement along these high-angle faults. During the early stages of this process, fluid pressures are insufficient to weaken the fault surface, while transient high fluid pressures late in this process allow failure, which in turn drains the fluid reservoir and reduces fluid pressures. The process then repeats, as fluid pressures rise again. In the context of our model, these effects can be captured by varying the Hubbert-Rubey fluid pressure ratio along the fault plane. Therefore the fluid pumping phenomenon may effectively weaken the fault surface and may lead to transient variations in fault strength; however, lithostatic loading may also interact with these fluid pressure differences to control failure along these structures.
[28] In addition to fluid pumping along these steep reverse faults, rotation of active structures during deformation may play an important role in determining how deformation is accommodated in the orogen. For example, as contraction proceeds, footwall flexure may rotate the fault plane as topography is built. This rotation may either promote or discourage failure of the fault, depending on the initial fault angle, fluid pressures, and sense of rotation ( Figure 5 ). In the context of our model, systematic changes in fault dip during deformation cause the relationship between fault dip and surface slope to deviate from the vertical line shown in Figure 9 . For example, if fault angles decrease as deformation proceeds, the growth of the mountain belt may be described by the trajectory labeled 1 in Figure 9 , while fault steepening would be described by 2. Therefore, where empirical relationships between deformation, topographic slope, and fault rotation can be established, our model may be employed to understand how these factors conspire to favor the migration of deformation to stronger structures.
[29] There are several interesting implications of our model that may explain some general features of the topography and deformation within basement-cored uplift provinces. First, geodynamic models that explore interactions between deformation and erosional processes [e.g., Willett et al., 1993; Willett, 1999; Whipple and Meade, 2004] do not successfully explain the distributed deformation and topography commonly observed in basement-cored uplift provinces. In particular, these models neglect the potentially important effects of crustal heterogeneities related to deep-seated inherited structures, and so topography and deformation within these models are generally continuous. However, our simple model provides an explanation of the distributed deformation observed in these areas that is based on the mechanics and erosion of such mountain belts. The principles developed in our modeling may also help to explain the development of other structural provinces, such as the Laramide basement-cored uplift province in the western United States [e.g., Gries, 1983] , the Tian Shan in central Asia [e.g., Burtman, 1975] , and the Qilian Shan to the northeast of the Tibetan Plateau [e.g., Tapponnier et al., 1990] .
[30] While deformation in the Sierras Pampeanas is clearly focused on preexisting geologic structures, there appears to be a systematic east-to-west progression of deformation over time [e.g., Ramos et al., 2002] . This deformation pattern seems to be linked to the input of heat from the shallowing subduction inferred to have mechanically weakened the midcrust to lower crust [Ramos et al., 2002] . Additionally, fault surfaces may have been weakened as pore fluid pressures in the crust increased if fluids were introduced during this process.
[31] Although situated in a collisional setting, the Qilian Shan of China are growing progressively northward, affecting foreland areas characterized by very anisotropic crust. Similarly, the Kyrgyz Tian Shan may be characterized by a south to north progression of deformation [Bullen et al., 2003; Sobel and Dumitru, 1997] . In our simple model, we do not explore the effects of changing tractions on the base of the crust (perhaps caused by thermal weakening) or regional topographic gradients that may change the stress state in the crust [e.g., Willett, 1999; Hodges et al., 2001] , both of which may lead to the systematic migration of deformation within the orogen. As such, changing rheological properties and/or stress state are likely to lead to a systematic temporal progression of deformation; however, the details of the reactivation of individual structures and the affinity for deformation to migrate to other structures may be understood in the context of our model. Therefore the systematic temporal evolution of an entire basement-cored tectonic province may be controlled by these tectonic and topographic factors, yet the focusing of deformation within and migration of deformation from individual mountain ranges may be controlled by the local stress and erosional conditions that we have explored in this study.
Conclusions
[32] Herein, we constructed a simple model that simulates the mechanics and erosion of mountain belts in which the spatial distribution of deformation is largely influenced by the presence of preexisting geologic weaknesses, as appears to be the case in basement-cored uplift provinces. As deformation is accommodated along, and topography is built above these preexisting faults, lithostatic stresses may cause frictionally stronger structures in adjacent regions with lower surface elevations to be mechanically favored for frictional failure. Simultaneously, erosion acts to reduce surface slopes, and where erosion is voracious, surface slopes and lithostatic stresses may remain low enough to prevent deformation from migrating.
[33] The conditions that favor the migration of deformation to nearby other structures depend on the pore fluid pressure ratio of the crust (l 1 and l 2 ), the orientations of the frictionally weaker and stronger preexisting faults (b 1 and b 2 , respectively), the friction coefficients and fluid pressure ratios of these faults (m b1 and m b1 , and m b2 and l b2 , respectively), and the surface slope above the frictionally weaker structure (a) (structure 1), assuming that there is zero surface slope above the frictionally stronger structure (structure 2). In general, we found that for a given a and b 1 , as m b1 increases, l 1 = l 2 = l b1 = l b2 increases, and l 2 decreases, the value of m b2 required to force deformation to migrate increases. Also, we determined that as erosion becomes more efficient relative to tectonic advection of material into the orogen, surface slopes will ultimately be lower, and deformation will be discouraged from migrating to frictionally stronger structures in adjacent regions.
[34] Our observations may explain some important features that are characteristic of basement-cored uplift provinces. In particular, there is some evidence that the affinity for deformation to migrate to nearby preexisting structures may correlate with the amount of precipitation, consistent with our model predictions. In addition, our results highlight that the interaction between erosion and the distribution of deformation is profoundly different in these types of tectonic provinces than, for example, in fold-and-thrust belts where inhomogeneities may not play an important role in controlling the distribution of deformation.
Appendix A: Mechanical Model Formulation
[35] In our mechanical model, we begin with the supposition that, with initially flat topography, deformation will be accommodated along the frictionally weakest structure in the crust (structure 1, Figure 1 ), and will migrate to another structure (structure 2, Figure 1 ) as topographic loading may favor failure of this latter structure over the former. We first define the state of stress in the crust required to induce failure given (1) the orientation and frictional properties of a preexisting fault in the crust, (2) the pore fluid pressures within the crust in the vicinity of the fault, and (3) the surface slope. Next, we apply this state of stress to the adjacent crust to determine the shear and normal tractions on a second structure of given orientation. Finally, given the loading on this second fault, we determine the frictional properties of this second structure that are required to induce failure. In this case, both structures are at their failure limit, and thus these conditions define the threshold beyond which deformation will migrate from the first to the second structure.
[36] First, we compute the state of stress within the crust that is required to induce failure along a fault of arbitrary orientation and frictional properties given the slope of the topographic surface. In seeking a tractable solution to this problem, we restrict our analysis to mountain belts in which the out-of-plane length of the topography is far greater than the width, and thus we assume plane strain conditions. We follow Dahlen [1984] by noting that when the fault is at its verge of frictional failure, the system is statically determinant, and when cohesion is absent, the stress trajectories everywhere throughout the crust are uniform. This property allows the system to be described only by the equations of static equilibrium and does not require consideration of strain compatibility within the crust. We orient the x and z directions of our coordinate systems parallel and perpendicular to the surface ( Figure A1 ). In this case, the equations of static equilibrium may be written as
where s xx and s zz are the normal components of the stress tensor acting in the x and z directions (compression negative), respectively, t xz is the shear component of the stress tensor, r is the density of the crust, g is the constant of gravitational acceleration, and a is the slope angle of the surface ( Figure A1 ).
[37] In this paper, we restrict our analysis to subareal, cohesionless wedges. Dahlen [1984] found that in the case in which the crust is cohesionless the state of stress everywhere must be uniform to induce failure along a fault. As such, there may be changes in the stress tensor in the z direction of our modeled crust, but not in the x direction. Furthermore, we define a Hubbert-Rubey pore fluid pressure ratio (l) as
where p f is the pore fluid pressure. By defining the effective stress (s 0 xx ) as the difference between the normal components of the stress tensor and the pore fluid pressure and noting that the derivatives in (A1) in the x direction must be zero, we may determine s zz and t xz by integration:
Thus the equations of static equilibrium define two of the three components of the stress tensor [Dahlen, 1984] . To determine the final component of the stress tensor (s xx ), an additional boundary condition must be specified.
[38] We consider the case in which a preexisting surface in the crust of specified orientation, pore fluid pressure, and frictional properties is at its verge of frictional failure. This condition occurs when the shear tractions acting along the failure surface exceed the effective normal tractions scaled by the fault friction:
where t b and s 0 n are the shear and effective normal tractions acting along the fault surface and m 0 b is the effective coefficient of fault friction, defined as [Dahlen, 1984] 
where m b is the coefficient of fault friction and l b is the Hubbert-Rubey pore fluid pressure ratio that defines pore pressures acting along the fault zone (l b is defined in a similar manner as equation (A2)). As in the work by Dahlen [1984] , our formulation allows for an abrupt change in pore fluid pressure across the fault zone relative to the surrounding crust. Also, it is important to note that the Coulomb failure criterion (A4) is only valid when s n 0 is compressive (negative). In addition, because we are interested only in failure along a surface that results in reverse motion, given our sign conventions, we can rewrite (A4) as
subject to the condition that t b is positive and s 0 n is negative.
[39] To determine the state of stress in the crust that is required to satisfy (A1) and (A6), we resolve the components of the stress tensor onto the fault plane of interest in our coordinate system [Dahlen, 1984] :
where b is the fault dip angle relative to a horizontal surface that is perpendicular to the direction of the gravitational force ( Figure A1 ). Substituting equation (A7) into (A6) and Figure A1 . Mechanical model geometry showing coordinate systems and sign conventions used, and the relevant parameters for the model. Note that relative to Figure 2 , the coordinate system has been reflected about a vertical axis.
rearranging for s xx , we find that
is required to produce a fault that is at the verge of Coulomb failure. Substituting equation (A3) into (A8), we write the components of the stress tensor within the crust as
where
Thus equations (A9) and (A10) define the state of stress in the crust required to produce failure along a specified surface given the fault and crust pore fluid pressures, the fault's friction, and the surface slope. From these components of the stress tensor, the principal stresses and their directions may be calculated. Having established the state of stress in the crust necessary to induce failure along a preexisting fault, we examine the conditions under which these stresses might induce failure along another structure with a different orientation and frictional properties that is overlain by a flat topography. We begin by first redefining K in equation (A10) as
where b 1 , m b1 , and l 1 denote the fact that this state of stress has been determined for the orientation, pore fluid pressures, and frictional properties of the first structure that is overlain by sloping topography. Next, we compare this state of stress to that of the second structure, which is overlain by flat topography. Because the surface slope in the vicinity of the second structure is zero, the state of stress that is required to satisfy the equations of static equilibrium are
As before, the equations of static equilibrium alone do not define the full stress tensor. However, when the crust is loaded such that failure is induced along the first structure considered, s xx is defined by this additional condition. Therefore we approximate s xx in the vicinity of the second structure as that required to induce failure along the first structure, which is defined by equations (A9) and (A11).
[40] In applying the s xx determined by forcing the initial structure to be at its failure limit to the horizontal stresses in the vicinity of the second structure with no initial topography, we have made several important implicit assumptions. Most importantly, we assume that the horizontal stresses (relative to the slope of the surface) that are required to induce failure along the first structure adjust their orientation to the flat surface. To make the model tractable, we followed Dahlen [1984] in assuming an infinite, sloping cohesionless crust. By comparing the stress state between these two different slopes, we are implicitly assuming that the surface of the crust undergoes changes in slope, which violates the assumptions of our model. This change in slope will induce horizontal changes in the shear and normal components of the stress tensor in the vicinity of the slope change, and these horizontal gradients will decrease with distance from the slope change. Therefore our formulation should not be applied to comparing structures that are relatively close to one another, as the change in surface slope will disrupt the simple stress field that might be expected far away from this area of slope change. Second, in adopting the value for s xx from equation (A9), we assume that the horizontal component of the stress field is due to far-field loading that changes its orientation in response to changes in slope. In the case that the surface slope overlying the first structure is small, this approximation is warranted. To determine the potential impact of this approximation, we calculated the stress tensor required to bring a variety of orientations of structures with fluid pressure ratios up to 0.7 and coefficients of friction along the faults between 0.1 and 0.9, and back rotated this stress tensor into the horizontal coordinate system. Over the range of l, l b , m b , and b values investigated, s xx changed by no more than 20% when resolved into the new coordinate system when a was varied between 0°and 30°. Therefore this assumption provides an adequate approximation of the horizontal stresses within the range of parameters investigated in this study.
[41] When the horizontal component of the stress tensor is defined by the failure threshold of the first structure, the stress tensor in the vicinity of the second structure with no overlying topography is approximated by
[42] Finally, we seek to determine the conditions in which failure along this second structure will occur under this state of stress. First, we define the dip angle, friction coefficient, fault fluid pressure ratio, and Hubbert-Rubey fluid pressure ratio in the vicinity of this second fault as b 2 , m b2 , l b2 , and l 2 , respectively, and resolve the stress tensor onto the fault plane to compute the normal and shear tractions acting along it:
As before, we examine the condition at which this second fault plane is at its verge of Coulomb failure:
subject to the condition that t b2 is positive and s 0 n2 is negative, and
Substituting equations (A14) and (A16) into (A15) and rearranging for m b2 , we find that the friction coefficient necessary to promote failure along this second structure is
Finally, we can rewrite the conditions required for compressional failure along both faults in the crust by substituting equations (A9), (A10), and (A14) into the requirement of shear traction being positive and normal traction being negative in equations (A6) and (A15):
Thus, by using equations (A17) and (A11) and requiring that all of the conditions encapsulated in (A18) be met, we can explicitly determine the frictional properties necessary to favor migration from a structure with overlying topography to a structure with higher friction that is overlain by a flat surface.
Appendix B: Kinematic and Erosion Model Formulation
[43] Our mechanical model defines surface slope angles that will favor the migration of deformation to another structure for a given set of crustal properties. However, it does not define how surface slopes adjust to tectonic rock uplift and erosional removal of material. First, to provide consistency with our mechanical model described in Appendix A, we assume that the mean topographic profile of the basement-cored uplift is approximately linear [e.g., DeCelles and DeCelles, 2001; Whipple and Meade, 2004] , and hence the cross-sectional geometry of the mountain range is approximately triangular (Figure B1 ). If the material within the mountain range does not undergo a significant volume change as it is uplifted, the rate of change of its crosssectional area (dA/dt) can be expressed as the difference between the volume flux of material entering the mountain belt by tectonic deformation (F t ), and the amount leaving the range due to erosion (F e ) [e.g., DeCelles and DeCelles, 2001; :
For simplicity, we examine the conditions in which a steady state balance between the tectonic introduction of rock into the mountain range is balanced by erosional removal of this material [e.g., Whipple and Tucker, 1999; Whipple and Meade, 2004; . In this case, the incoming and outgoing fluxes balance, and the crosssectional area of the range remains constant with time: Figure B1 . Kinematic and erosional model geometry showing geometric relationships between parameters discussed in Appendix B.
[44] We note that the cross-sectional flux of material entering this idealized mountain range is equal to the convergence velocity at the drainage divide with respect to the stable foreland (v) multiplied by the vertical thickness of material passing through the drainage divide (T) [DeCelles and DeCelles, 2001; :
[45] In reality, material introduced by tectonic convergence between the range drainage divide and the stable foreland will be accommodated by both uplift and horizontal translation of material as it moves up the ramp created by the preexisting structure. In the construction of analytical erosional models that predict how slopes will change in response to uplift and erosional efficiency, this horizontal component of deformation is not considered [Whipple and Tucker, 1999] . Instead, studies that have used approximate analytical solutions to orogen-scale erosion and deformation models to understand the controls on coupled development of such orogens assume that all material introduced into the mountain belt by tectonic processes produces only uplift in the orogen [e.g., Whipple and Meade, 2004; . In seeking an analytical solution to understanding the first-order controls on the topographic development of these basement-cored uplift provinces, we make the same assumption. However, we acknowledge that our convolution of the effects of horizontal translation and uplift rates into the vertical rock uplift rate may be inappropriate in some situations, especially when the fault angle is low. Given the approximation that all material that enters the mountain belt leaves by uniform, vertical uplift, the cross-sectional area flux of material that must leave the top of the model due to erosion to maintain a steady state mountain range is
where U is the rock uplift rate at the surface (assumed to be uniform throughout the width of the range), and W is the distance between the drainage divide and the intersection of the fault with the surface. Noting that W can be expressed in terms of the fault angle (b 1 ) and T as W = T cot b ( Figure B1 ), we write the rock uplift rate as
Thus we use equation (B5) with an orogen-scale erosion rule to calculate how surface slopes should respond to different convergence rates, fault angles, and erosional parameters.
[46] Our erosional model assumes that the topography of active mountain belts is limited by the rate at which fluvial systems incise bedrock. We use the bedrock power law incision model [e.g., Howard and Kerby, 1983; Seidl and Dietrich, 1992; Whipple and Tucker, 1999; in which the change in channel bed elevation due to erosional processes (dz/dt e ) scales with an empirical erosion factor (K) that captures effective precipitation, downstream changes in the hydraulic geometry of the channel, and resistance of bedrock to fluvial incision [e.g., Whipple and Tucker, 1999] , two power law exponents that may be related to the processes that erode the channel bed (m and n) [e.g., , the local channel slope (S), and the catchment area (A):
Importantly, the dimensions of K depend on the value of the power law exponents m and n [Whipple and Tucker, 1999] . Next, as shown by Hack [1960] , the upstream catchment area at each point in a basin can be cast as a power function of the channel length:
where h primarily reflects the shape of basins in a mountain range, and k a and h may be determined through nonlinear regressions of catchment area and channel length. Next, the rate of change in the channel bed elevation due to the combined effects of spatially uniform rock uplift and bedrock incision (dz/dt) is the difference between the rock uplift rate and channel bed lowering rate. By substituting equation (B7) into (B6) and noting that S = dz/dx, we find that [e.g., 
[47] In the case that erosional steady state has been reached [e.g., Whipple and Tucker, 1999] , rock uplift is balanced by the bedrock channel lowering rate and so dz/dt = 0. In this case, dz/dt in equation (B8) is equal to zero, and this equation can be rearranged and integrated to find z as a function of distance along the profile of the mountain range. Also, by noting that the total amount of fluvial relief in the mountain range is equal to the difference between the elevation of the channel headwaters and its stable base level at the downstream edge of the mountain range, Whipple and Tucker [1999] found that
where R f is the total amount of fluvial relief in the range and x c is the channel length below which processes other than bedrock incision determine relief. Whipple and Meade [2004] showed that equation (B9) can be approximated at the orogen scale by
where k o is a nondimensional constant that can be approximated as [Whipple and Meade, 2004] 
Finally, Whipple and Meade [2004] showed that the fluvial relief is related to the mean topographic slope in mountain ranges as
By noting that L = T cot b, and substituting equations (B5), (B10), and (B11) into (B12), we can express the ratio of convergence rate to erosional efficiency (v/K) as a function of the geometry of the mountain range (a, b 1 ), the thickness of material entering the range from the divide (T), the basin geometry constants (k a and h) and the bedrock incision power law exponents (m and n): Therefore, by specifying a, b 1 , k a , h, K, m, and n, we may determine the v/K that is required to attain a flux -steady state condition. When these other factors are fixed, values of v/K smaller and greater than this value will result in erosional removal of less and more material than is introduced by tectonics, leading to slope steepening and shallowing, respectively.
Notation a surface slope angle of topography above structure 1. b 1 fault angle (from horizontal) of structure 1. b 2 fault angle (from horizontal) of structure 2. l 1 Hubbert-Rubey pore fluid pressure ratio of crust in the vicinity of structure 1. l 2 Hubbert-Rubey pore fluid pressure ratio of crust in the vicinity of structure 2. m b1 coefficient of friction of structure 1. m b2 coefficient of friction of structure 2. l b1 Hubbert-Rubey pore fluid pressure ratio acting along structure 1. l b2 Hubbert-Rubey pore fluid pressure ratio acting along structure 2. v velocity of convergence between mountain range and stable craton [L/t]. T thickness of crust involved in reverse faulting [L] . m area power law exponent. n slope power law exponent. h exponent in area-length relationship. k a area-length coefficient [L 2Àh ]. K coefficient of erosion [L 1À2m /t].
